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10. Ca(OH)2 dose required to raise sludge pH value to 12.5 and maintain the pH at 12.5 for 30 min-----------------30 11. Change in pH value with time for lime treated sludge---31 12. Change in sludge thickness with time for sludges applied to sand beds-----------------------------------31 13. Change in sludge thickness with time for sludges applied to soil beds-----------------------------------32 14. Change in moisture content of lime treated sludge over time for sludges applied to sand beds------------------ Lagoons operating in climates where the bottom water and sludge temperatures may exceed 19°C will generally not experience excessive biological sludge accumulation problems. However, where these temperatures fall below 19°C, the solids accumulate faster than they can be digested and a net sludge buildup results (Oswald 1968) . In some climatic regions sludge accumulates during cold winter months but digests sufficiently during the warmer summer months to maintain the desired balance. Unfortunately, the sludge is not always completely digested and accumulation is a function of the cycles of cold winters and warm summers. Lagoons in Anchorage, Alaska, for example, which is a relatively warm location in the cold regions, experience a maximum temperature of about 13 to 15°C in the benthic sludge accumulation zone for only 2 to 4 months per year. If excess sludge in sewage lagoons is accumulating, then sludge volume and characteristics require definition, and techniques for removal, treatment, and disposal need to be developed.
The primary objective of this study was to provide information on sludge accumulation, treatment, and disposal in cold regions wastewater lagoons.
This objective was achieved by:
1. Conducting a literature review encompassing lagoon design and lagoon sludge accumulation, characteristics, removal, treatment, and disposal.
2. Evaluating the extent of sludge accumulation in selected cold climate lagoons in Alaska and Utah.
3. Characterizing sludges collected from selected cold climate lagoons.
4. Evaluating the potential for in situ sludge stabilization at low temperatures.
5. Evaluating lime treatment for sludges removed from lagoons.
6. Evaluating sand and soil drying beds for lagoon sludge dewatering.
The following four major phases outline the work undertaken in this study: 1) measurement of lagoon sludge accumulation, 2) lagoon sludge characterization, 3) periodic analysis of low temperature samples and digestion studies, and 4) evaluation of lime treatment and sand and soil drying of lagoon sludge s.
Field work was conducted at two multiple cell facultative lagoons in northern Utah, and two partial-mixed aerated lagoons, one in southern Alaska, the other in central Alaska. Both Alaskan lagoons were single cell units.
The mechanical aeration of the Alaskan lagoons might result in some increase in the total amount of sludge deposited due to the increased capability for biological activity in the winter months as compared to an unaerated, icecovered lagoon. However, the presence of the aeration is not believed to have any significant impact on the sludge once it is deposited because of the low power levels and incomplete mixing. Therefore, the potential for digestion or stabilization of the bottom sludges should be essentially the same for facultative and partial-mix aerated lagoons as influenced by the local environmental conditions and other site-specific factors.
LITERATURE REVIEW Introduction
Lagoon classifications describe the prevalent biological activity occurring within the pond; Table 1 summarizes the basic lagoon types and their application (Metcalf and Eddy 1979, EPA 1975) .
Lagoon Sludge Accumulation
Sludge accumulates to varying degrees on the bottom of nearly all types of wastewater treatment lagoons. The deepest deposits occur near the inlet and remain until solids degradation processes or wind action, temperature inversion, or other natural phenomena (that resuspend the material) reduce the accumulation. Since low winter temperatures in colder climates inhibit 
1970).
At the lagoons in Winnipeg, Manitoba, the effect of discontinuing influent flow for four months was investigated. The aerated lagoons showed only slight evidence of bottom sludge reduction during this period (Girling et al. 1974 ). In some locations a significant portion of the accumulated sludge is silt rather than organic solids (Middlebrooks et al. 1965 ). There may be from 23 to 91 times more silt than organics in some lagoon sludge deposits (Clare et al. 1960 ). However, the higher concentration of silts may be more likely to characterize lagoons operated in temperate regions because many cold regions lagoons have rubber membrane liners and are fed by sewer systems which exclude storm and other surface water.
Lagoon Sludge Characteristics
Lagoon sludge characteristics are as varied as lagoon sites; however, some general sludge characteristics have been defined. Metcalf and Eddy primary (1979), Farrell (1974) biological characteristics of lagoon sludges from several sources, and provides a comparison between these sludges and conventional primary sludge. 
Lagoon Sludge Removal

Lagoon Sludge Stabilization
Sludge stability may be judged by its tendency to harm the environment and produce nuisance conditions. When harmful environmental effects and nuisance potential are minimized, the sludge is stable and requires no further treatment (Vesilind 1974 
Lime Stabilization
Lime addition stabilizes sludge by raising the pH to high enough levels to destroy pathogens. Lime also reduces odors and improves dewaterability but produces large quantities of inorganic sludge (Vesilind 1974) . At high levels of alkalinity, the bacterial kill rate will still be very high at low temperatures (Wang et ale 1978) , making this option attractive for cold regions application. Table 3 illustrates the effectiveness of lime in reducing pathogenic and indicator bacteria count. These data are from chemical-primary sludge produced at a conventional wastewater treatment pilot plant . Studies conducted at the Greenwood, South Carolina, treatment plant indicate that complete destruction of Salmonella typhosa results upon addition of lime in large enough quantities to produce a pH value of at least 12.0 (Doyle 1967 ).
Research at Lebanon, Ohio, also shows significant pathogen reduction with high pH values resulting from lime addition to wastewater sludges. The Salmonella typhosa and Pseudomonas aeruginosa concentrations are reduced to near zero~ The total and fecal coliform reductions exceeded 99.99%, and the fecal streptococci kills approached 99.93% for primary sludges (Noland and Edwards 1977) . The effectiveness of lime stabilization in reducing total coliform bacteria at low temperatures is shown in Figure 1 (Morrison et al. 1973 ).
The pH value and contact time required to achieve the pathogen destruction discussed above varies. However, when sludge is treated in the liquid Table 3 . Bacterial count reduction from lime addition to liquid municipal sludge state, and the lime added is sufficient to raise the pH to 12.5 for 30 min, the following objectives are accomplished: 1) the pH remains above 12.0 for about 2 hr, resulting in the desired pathogen kill, and 2) the pH remains above 11.0 for several days, allowing use or disposal without renewed purification (EPA 1979) . Several other sources also indicate the necessity of maintaining the pH above 12.0 for at least 30 min to achieve the desired stabilization (EPA 1978a , Metcalf and Eddy 1979 , Morrison et al. 1973 , Noland and Edwards 1977 , Ramirez and Malina 1980 , and Schroeder and Cohen 1977 . The lime dose necessary to keep the pH value above 11.0 for at least 14 days varied from 100 to 150 g Ca(OH)2/kg SS (0.22 to -0.33 lb Ca(OH)2 lb SS)
for primary sludge to 300 to 500 g Ca(OH)2/kg SS (0.66 to -1.10 lb Ca(OH)2/lb SS) for biological sludge. No differences in dosage requirements were evident between lime added as a slurry and lime added dry (Paulsrud and Eikum 1975 ).
Freeze-thaw Conditioning
Freeze-thaw conditioning is a sludge treatment process where liquid sludge is placed on sand drying beds and allowed to freeze. The process is particularly attractive in cold regions where natural refrigeration can be used. The purpose of the freeze-thaw technique is to condition the sludge so that it is readily dewaterable and to reduce the volume of sludge to be disposed of. Variables in the process are the depth of sludge to be frozen and the rate at which the sludge freezes. Although freeze-thaw conditioning does not produce the pathogen destruction of lime stabilization (Leclerc and Brouzes 1973, Tilsworth 1972) , it does produce an odorless and easily handled humus-like product (Tilsworth 1972) .
A Canadian study concluded that "improved dewaterability can be expected for any sludge type if complete freezing is attained at a relatively slow rate such as that found in the natural environment" (Rush and Stickney 1979) .
However, the filtrate quality from these sludges was from three to six times poorer than that from raw wastewater. The filtrate return to the treatment system resulted in 0.8% increase in hydraulic loading and 5.0% increase in organic loading.
Freezing rate is important because the dehydrating and pressure producing properties of the ice structure are affected (Katz and Mason 1970) . The freezing process breaks down molecular bonds and releases water molecules contained in the sludge. Sludge dewaters when frozen at rates up to 40 to 60 mm/hr (1.57 to 2.36 in./hr); however, the best sludge dewaterability occurs when the sludge was frozen at 20.5 mm/hr (0.81 in./hr) (Logsdon and Edgerly 1971). Sludges dewater more readily when frozen at higher rates if treated with polymers to reduce specific resistance. Additional studies indicate that sludges can be frozen at relatively high rates when in thin films at small temperature differences. This process requires chemical additives (Cheng et al. 1970 ). Experience at a facility in Monroe County, New York, indicated a total solids increase from 3.5% to 17.5% with a decrease in over-all volume for sludges subjected to freeze-thaw action (Bishop and Fulton 1968) • Research conducted at the University of Alaska concludes that slow freezing produces a better conditioned sludge than does fast freezing (Tilsworth 1972) . Also, improved efficiency occurs with more dilute sludge composed of 1 to 2% solids. The Alaskan researchers indicated that, where natural refrigeration is employed, the sludge depth depends upon the local climatology. Greater depths result in smaller area requirements, but artificial heating methods may be required for thawing during the spring. This process is especially suited for cold regions where small facilities with low sludge volume can take advantage of abundant land and natural refrigeration.
Lagoon Sludge Disposal
The ultimate disposal of wastewater sludge can take many forms including burning, burying, or spreading on land (Heckroth 1971) . Of these various methods, sludge disposal on land usually provides the most cost-effective solution to sludge management problems. Lime trea tment prior tn land application should stabilize the sludge with respect to pathogens and odors and result in a material that is safe and aesthetically acceptable.
Application of sewage sludge to agricultural land as a soil conditioner and fertilizer, and application to damaged soils as a conditioner has been a common practice (Evans 1969 , Farrell 1974 , and Vesilind 1974 . This is because land application is usually less expensive and less energy intensive than most other methods of disposal. An added benefit is that nutrients and organic matter are put back in the soil and the condition of the soil is improved.
Summary
The literature indicates that substantial work has been conducted in the areas of lime stabilization and land disposal of primary, secondary, and waste-activated sludges. However, factors affecting sludge accumulation, methods of removal for accumulated sludge, stabilization of accumulated sludge, and specific sludge characteristics have been generally neglected relative to cold regions wastewater lagoons.
The literature does indicate that sludge will accumulate to varying degrees in wastewater lagoons. This accumulation poses a threat to wastewater treatment efficiency by reducing the pond volume available for treatment.
The characteristics of the accumulated sludges can influence decomposition rates and may significantly influence the handling and ultimate disposal of sludge removed from wastewater lagoons.
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MATERIALS AND METHODS
Introduction
Figure 5. Sample collection area and grid dimensions for the Palmer, Alaska, wastewater lagoon system.
...il is encountered, the light beam is interrupted and the meter deflects. The cell is then pushed through the sludge layer until stopped by the lagoon bottom. The total depth minus the depth to the sludge/water interface equals the sludge depth (Fig. 8) .
Suitable sampling points required sufficient sludge depth (15 to 20 cm) to allow pumping without excessive supernatant uptake. At each lagoon, between 1300 and 1400 L of sludge was collected and transported to Logan, Utah, for cold storage. . -1--------29 The sand and soil bed drying phase of the experiments consisted of taking the lime-stabilized sludges discussed above and spreading them over the surface of sand and soil drying beds at 12°C. After 5, 10, 15, and 20 days, the sludges remaining on the surface of the beds were analyzed for moisture content, and the leachate was analyzed for pH and fecal coliform.
Sludge application rates applied to the soil were based on the nitrogen utilization capacity for sparsely forested land. Application rates for the sand were equivalent to rates normally applied to sludge drying beds in cold climates.
RESULTS AND DISCUSSION
Introduction
The sludge from several cold climate wastewater lagoons was examined in this study to determine accumulation rate, accumulated sludge characteristics, and to estimate the degree of stabilization that may be occurring.
Also, a brief investigation of lime stabilization and land drying of the lagoon sludge was conducted.
Accumulation Table 5 contains a summary of the sludge accumulation data collected from the Logan and Corinne, Utah, and the Palmer and Galena, Alaska, wastewater lagoons. The mean sludge depths and the influent suspended solid concentrations in the Logan and Corinne, Utah, lagoons are approximately three 
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Figure 12. Sludge depth distribution over the bottom of the Logan, Utah, lagoon system cell A2. Contours indicate approximate isochronal lines for equal sludge accumulation (cm).
Sludge Thickness in Centimeters
Figure 13. Sludge depth distribution over the bottom of the Corinne, Utah, lagoon system primary cell. Contours indicate approximate isochronal lines for each sludge accumulation (cm). The annual sludge accumulation rates estimated from the mean sludge depth and operation period listed in Table 5 for Table 5 , the Palmer volatile solids concentration was 69% of the total solids and the Galena VS was 49% of the TS.
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These VS values are approximately midrange of the previous VS values reported for Alaska aerated lagoons and indicate that organic matter is a substantial contributor to sludge accumulation in these lagoons. 
TS
(1 -----E.) 100
TS.
1 where TS u = total solids unaccounted for, kg.
(1)
It is only possible to speculate on the fate of solids unaccounted for, but some conclusions can be drawn from Table 6 . Apparently the solids accumulation in lagoons operating in similar climates can differ greatly. For instance, after five years, the Palmer lagoon had more solids in the sludge layer than theoretically entered the lagoon. The Galena lagoon had lost 97% of the solids that entered the lagoon over eight years. It is suggested that low water temperature in the sludge layer at Palmer retarded microbial decomposition of the solids, while, at the same time, significant biological activity in the aerated liquid produced additional solids for deposition in the sludge layer. In the case of Galena, it is believed that the lagoon is undersized and that significant short circuiting was taking place, allowing solids to pass out of the lagoon with the effluent. The very thin consistency of the sludge layer at Galena compared to the other lagoons would seem to support the theory that movement of water either by mixing or short-circuiting was too rapid to allow substantial compaction in the sludge layer. The
Logan and Corinne lagoons were somewhat more similar in their behavior but not totally predictable. It appears from these data that there is a signifi-cant potential for substantial sludge accumulation in cold regions wastewater treatment lagoons. Table 8 is a qualitative description of the physical characteristics of the lagoon sludges examined during this study. Table 7 shows that the Logan, Galena and Palmer sludges are quite similar to primary sludge in their characteristics. The main differences are that solids concentrations, both total and volatile, are higher for lagoon sludge than for primary, and fecal coli- form concentrations are significantly lower. This is reasonable considering the much longer detention time for solids in a lagoon. The longer detention time would provide for some consolidation of solids and die~off of fecal coliform. The Galena sludge appears to be atypical. The reasons for this were not discovered during the course of this study. Table 8 shows that wide variations in the physical appearance of the sludges existed although the sludge characteristics were similar.
Lagoon Sludge Characteristics
Storage Effects on Characteristics
Large volumes of sludge from the Logan, Corinne, Palmer, and Galena lagoons were stored at 4°C (39.2°F) to model temperature conditions present at the lagoon bottoms during the winter months. Samples of these sludges were analyzed at least weekly for the parameters listed in Table 7 .
The data collected from the stored lagoon sludge samples over a period of approximately 200 days were analyzed using linear regression to determine the relationship between the parameters and storage time. Table 9 gives results of some additional testing done on ratios of volatile to total solids for the Logan and Palmer Lagoons. These lagoons were picked as being representative of facultative and aerated lagoons. If degradation of accumulated sludge is taking place, the ratio of volatile to total solids should decline over time. Coefficients of determina~ion indicate only weak correlation, but it is interesting to note that the average volatile to total solids ratio over time is very close to the values shown in Table 2 responsible for fecal coliform in the accumulated sludge. Without a replenishing source, the fecal coliform bacteria die off over time even at 4°C.
The 4°C (39.2°F) storage temperature is very close to the temperature at which water exhibits maximum density. In cold climate lagoons such temperatures will be experienced soon after the fall thermal overturn, and just before surface ice formation commences. It is then very unlikely that the bottom temperature will exceed 4°C (39.2°F) until ice melt and the spring thermal overturn. As a result this is the warmest temperature reached by the bottom sludges during the winter months in both Alaska and Utah as well as similar locations. In Alaska and in more extreme locations, this condition may persist for at least 9 to 10 months and the bottom sludges will never reach the 19°Ct.emperatures considered necessary for effective in-situ stabilization.
As 89% of the solids added to an Alaskan lagoon have the potential to remain in the sludge layer.
For Utah: winter decomposition ~ 8%
winter accumulation = (7)(0.92)(X) 6.44X
summer decomposition = 100% So: 6i~4 = 54% of solids added can potentially stay in the sludge layer.
Thus sludge can accumulate in Alaskan lagoons at rates up to 65% greater than in a northern temperate zone:
(0.89 -0.54) (100) = 65%.
0.54
The aeration tubing in the Alaskan lagoons is not believed to have had any significant effect on the settled, accumulated sludge deposits because of the incomplete mixing experienced in such systems. A comparison of the type shown above between the Alaskan and Utah cases should, therefore, be valid.
The sludge production during the winter in the aerated lagoons in Alaska would probably be higher than-~n the ice-covered facultative lagoons in Utah due to the maintenance of aerobic biological reactions in the former case.
As a result, the accumulation rate for the Alaskan situation should be even higher than the 72% calculated above.
Aerobic and Anaerobic Digestion Tests
Bench-scale digestion studies were conducted in order to examine the aerobic and anaerobic digestion kinetics of the lagoon sludges. None of the basic kinetic relationships commonly used in wastewater calculations were applicable to either the aerobic or anaerobic digestion test data. Additional experimental work will be required for the development of a practical mathematical model that will be generally applicable for prediction of stabilization and accumulation of lagoon sludges. The gas production rates observed during these studies confirmed that the sludge samples were initially unstabilized and similar in character to primary sludge.
Lime Stabilization and Land Application
The lime [Ca(OH)2] doses required to raise the pH value of the lagoon sludges to 12.5 and maintain it at that level for 30 min are presented in sludge. An expression in terms of g Ca(OH) 2/L of wet sludge is more informa- The destruction of pathogens is directly related to the pH value of the stabilized sludge. For adequate pathogen destruction, the pH value of limetreated sludge should be maintained at values near 12.0 for nearly 2 hr (Doyle 1967) . The decrease in pH value with time over a 20-day period for the lime-treated Logan, Corinne, Palmer, and Galena sludges is presented in Table 11 . The largest decrease in pH (one pH unit) occurred in the Corinne sludge during the 20-day period of study. Nineteen days following the application, fecal coliform concentrations in the leachates from limed sludges applied to both sand and soil beds were less than 100 counts/100 mL. The fecal coliform concentrations remained at undetectable levels in the liquid draining from the sand and soil beds even though the pH of the liquid (leachate) stabilized at about 6.0 for all four lagoon leachates. Although the Palmer sludge required nearly twice the time on the sand beds as on the soil beds to reach a stable depth, the moisture contents of the sludge on the sand and soil beds were comparable at the end of 20 days.
In fact, all of the sludges on both the sand and soil beds were reasonably close in moisture content with a mean of 65.2% and standard deviation of 3.3%. The 7.5-and 5.6-cm final sludge thicknesses on the sand and soil beds, respectively, are due primarily to the higher TS concentration in the Palmer sludge.
These data support findings reported by several researchers and discussed earlier. The high pH induced by the addition of Ca(OH)2 to the wastewater lagoon sludges resulted in reduction of fecal coliform bacteria concentrations from about 10 5 counts per 100 mL to less than 100 counts per 100 mL.
This reduction in fecal coliform concentrations was evident in the leachate from the sand or soil drying beds as well as in the lime-treated sludge.
Application of these data to sludges accumulated at isolated lagoon sites may provide an economical and easily used approach for sludge disposal.
Applying the lime-treated sludges to sand or soil drying beds produces a material nearly free of fecal coliforms, and a moisture content of about 60%
after 20 days at 12°C (53.6°F). The problem of ultimate disposal remains, but is considerably eased. Options for ultimate disposal include landfilling, landspreading, and incineration with solid waste.
Summary of results
The accumulation of solids in wastewater lagoons is a function of several different parameters and, as such, tends to be site specific. Solids ac-cumulation seem to be more severe in colder regions. Design of wastewater lagoons should include consideration of sludge accumulation rates in lagoons operated in similar climates and under similar conditions to those of the lagoon system being planned. An occasional survey of the pond bottom of operating lagoons would provide information on the extent of sludge accumulation and on the potential impact on overall system performance.
The characteristics of the lagoon sludges studied are similar in many ways to those of undigested primary sludges. When stored at 4°C (39.2°F) for longer than 200 days, the lagoon sludges were not modified significantly except for fecal coliform concentrations. The change in concentrations of degradable organic material during the cold storage period was generally of little consequence, although some change did occur in the samples from the Utah lagoons.
The treatment and disposal of accumulated sludges removed from wastewater lagoons can be accomplished by lime addition and air drying on sand and soil beds. Lime doses sufficient to raise sludge pH to 12.5 effectively reduced fecal coliform concentrations in the sludges and in leachate from the drying beds to less than 100/100 mL. The sludge applied to the drying beds reached a moisture content of about 60% in less than '20 days at 12°C (53. 6°F). The dried sludge was easily handled and suitable for ultimate disposal by landfilling, spreading, or incineration.
CONCLUSIONS
The sludge layer in selected wastewater lagoons was examined to determine accumulation rate, accumulated sludge characteristics, and stabilization. Also, a brief analysis of lime stabilization and subsequent application to sludge drying beds was performed. Conclusions are presented individually for the four major phases of the study. 2. Following a 20-day drying period on sand and soil beds, the pH value of the lime-stabilized lagoon sludges dropped less than one pH unit.
3. Fecal coliform concentrations were reduced to undetectable levels in the lime-stabilized lagoon sludges.
4. The fecal coliform concentration in the liquid passing the sand and soil beds remained at undetectable levels over the 20-day sampling period with the liquid pH value near 6.0 for the 20-day period.
5. Although sludge drying occurred at different rates among the four sludges, at the end of the 20-day sampling period the mean sludge moisture content was 65.2% for all four lagoon sludges on both the sand and soil beds. The standard deviation of the sludge moisture content at the end of the 20-day period was 3.3%.
6. Lime treatment of sludges removed from lagoons will eliminate pathogens and odors so that the sludges are safe and aesthetically acceptable to handle and transport for land application or other disposal methods.
36
